Sporadic cerebral small vessel disease is considered to be among the most common known neuropathological processes and has an important role in stroke, cognitive impairment, and functional loss in elderly persons. The term is now commonly used to describe a range of neuroimaging, neuropathological, and associated clinical features, the pathogenesis of which is largely unclear but that are thought to arise from disease affecting the perforating cerebral arterioles, capillaries, and venules. Modern neuroimaging has revolutionized our understanding of the consequences of small vessels disease on the brain parenchyma, even though small arteries, arterioles, capillaries, and venules are difficult to be directly visualized with current techniques used in clinical practice. In this short review, we focus on histopathological and neuroimaging perspectives, basic definitions, and recent advances in the field.
Introduction
Most of the modern advances and effective interventions in cerebrovascular disorders only target disease of large arteries. Until recently, small cerebral arteries have received little attention and clinicians have much less to offer for the prevention and treatment of small vessel disease. 1 This is partly because small vessels are technically inaccessible to image and hard to study directly in vivo; hence the underlying mechanisms of small vessel disease remain relatively poorly understood. 2 Yet, sporadic small vessel diseases are considered to be among the most prevalent known neurologic processes and contribute substantially to stroke, cognitive impairment, dementia, and other disabilities commonly seen in the elderly (including depression, motor and gait disturbances, urinary symptoms, and functional impairment). [2] [3] [4] In addition, small vessel disease can increase mortality 5, 6 and pose significant clinical dilemmas in routine practice, including antithrombotic drug use.
The current review is not intended to provide a comprehensive overview of the all manifestations of small vessel disease nor is it intended to review all the aspects related to pathology, pathophysiology, and pathogenesis. For background information, the reader is directed to excellent recent comprehensive reviews on each of these topics, 2,3,7-9 as well as reviews of each of the MRI manifestations of small vessels disease. [10] [11] [12] [13] Instead, in this short review we aim to discuss key neuropathological and neuroimaging definitions, focusing on the concept and classification of small vessel disease in the brain, and briefly to consider possible future directions for research (Box 1). Throughout the paper, we focus on key aspects of the two main types of sporadic small vessel disease, namely cerebral amyloid angiopathy (CAA) and ''hypertensive arteriopathy.''
Small vessels in the brain
The term sporadic cerebral small vessel disease is used with various meanings in different contexts, to describe a range of neuroimaging and pathological findings, as well as associated clinical and cognitive features or syndromes. However, in its most basic form, the term encompasses a group of age-related neuropathological processes affecting the small perforating arteries, arterioles, capillaries, and rarely venules in the brain (though venules have received little attention in the literature). [1] [2] [3] Before considering these pathological processes, it is important to define what a small vessel is and specifically, ''how small a small vessel is.'' Interestingly, a survey performed among leading neuropathological centers revealed that the definition of a small vessel is not consistent: fewer than 50% of the participants agreed on a size limit of less than 500 mm in transverse diameter or all vessels located deeper than the cerebral cortex. 14 The same survey also reported that the laboratory tools used and criteria for small vascular lesions were heterogeneous and could significantly influence the obtained results. However, a follow-up survey of the BrainNet Europe consortium concluded that a certain level of harmonization had been reached. 15 Others have arbitrarily suggested a transverse diameter of 300 mm, predominantly referring to arterioles-reflecting that pathological processes of the arteriolar tree are better characterized than those of other types of small vessel (e.g. capillaries). 2 The current definition of small vessels is more inclusive, referring to all vascular structures (ranging from around 5 mm to 2 mm in diameter) in the brain parenchyma (i.e. intraparenchymal) or the subarachnoid space (i.e. leptomeningeal) and encompassing small arteries, arterioles, capillaries, venules, and small veins. 2 The small arteries and arterioles either: (a) penetrate the brain cortex superficially, supplying the gray matter with short branches (''cortical'' arteries) of three lengths (reaching cortical layer III, V and the graywhite matter junction), and the subcortical white matter with longer branches (''medullary'' arteries) ( Figure 1 ); or (b) stem from deep arterial perforators at the base of the brain and supplying the basal ganglia, thalami, and brainstem structures. 2, 16 Perforating arterioles show a branching pattern that resembles that of poplars rather than oak trees. 3, 16, 17 Both superficial and deep perforators are end arterioles and have very limited collateral connections with adjacent small vessels until they branch into capillaries. Although capillary beds do interconnect to a certain extent, the collateral flow is rather local and limited. This has important implications for small infarcts after perforating arteries occlusion. 18 Finally, the two systems of cerebral perforators do not connect but only meet in a junctional zone around the lateral ventricles, 16 where leukoaraiosis is commonly seen. Specific small vessel pathologies can differentially affect these two systems as well as different ranges of vessels within each system (see later).
The rationale for making a clear distinction between small vessels and large vessels is twofold. First, this separation highlights the fact that pathological processes affecting small vessels in the brain are to a large extent different from those that affect larger vessels. Small and large vessel disease processes can overlap and often coexist, particularly in the elderly (e.g. hypertension-related atherosclerosis and arteriolosclerosis). This is not surprising, as the two subtypes of cerebrovascular disease tend to be driven by very similar risk factors, not the least of which is simply aging. However, ''aging,'' per se, should not be considered a cause of cerebrovascular injury, but rather a variable which probably captures multiple accumulating biological changes over time that together affect brain vessels and parenchyma. It is also important to keep in mind that large and small vessel systems form a continuum and therefore there is a dynamic interaction between large arterial changes and microvascular brain injury. For example, progressive age-associated increase in large artery stiffness exposes small vessels to higher pulse pressure which can, in turn, lead to arteriolosclerosis, progressive white matter damage, and cognitive impairment. 19 Yet, although subdividing cerebrovascular disease into microvascular (i.e. small vessel) and macrovascular (i.e. large vessel) components represents an oversimplification, this distinction highlights the differences in the putative pathophysiology and clinical and pathological consequences of diseases Figure 1 . Schematic representation of penetrating vessel patterns in the cortex. Short (S) penetrating arterioles (''cortical'') reaching three different depths in the cortex (i.e. cortical layer III, V and the gray-white matter junction, S1-3, respectively), while long penetrators (''medullary'') continue into the subcortical white matter.
International Journal of Stroke, 11 (1) affecting small and large vessels. Approximately onethird of symptomatic strokes are caused by diseases of small perforating arteries and arterioles of the brain; the consequences include lacunar stroke syndromes 20 and most cases of spontaneous parenchymal brain hemorrhage (PBH) a -the most severe and lethal type of stroke. 1 However, beyond its role in clinically overt acute stroke syndromes, small vessel disease causes widespread microvascular damage (seen on neuroimaging or at autopsy) which is not symptomatic itself but has important cumulative effects on cognition. Cerebral small vessel disease is one of the most important contributors to cognitive impairment in the elderly, contributing to up to 45% of dementias. 21, 22 The substantial cognitive components of microvascular damage in the brain have been often ignored, probably overshadowed by the attention given to Alzheimer's disease, and also due to the fact that individual features of small vessel disease have not been traditionally viewed as combined components of a group of disorders. As people live longer, the burden of small vessel disease is likely to grow, becoming an increasing global healthcare challenge. 23 
Neuroimaging markers of small vessel disease
Since small vessels (and hence the structural alterations of small vessel disease) cannot be visualized easily in vivo with current neuroimaging techniques used in clinical practice, the brain parenchymal magnetic resonance imaging (MRI) lesions which they are thought to cause have been adopted as markers of disease involving small vessels. 2 As a result, the term cerebral small vessel disease is frequently used indiscriminately to describe both the underlying small vessel pathologies and the neuroimaging correlates of their effects on the brain parenchyma. 2 The latter are heterogeneous, including both ischemic and hemorrhagic manifestations-now recognized to be inter-related. 2, 8, 24 Historically, the term small vessel disease has been often (and still is) used misleadingly to describe only the ischemic consequences on imaging. 3 However, sporadic small vessel disease is the leading cause of PBH, the distribution of which parallels the topography of the underlying microvascular pathology, so that spontaneous deep PBH (in the basal ganglia, internal capsule, and thalami) is predominantly caused by sporadic non-amyloid microangiopathy, whereas lobar (cortical-subcortical) PBH is frequently caused by CAA. Lacunes and white matter hyperintensities (leukoaraiosis) are well-known imaging markers of cerebral small vessel disease that have been extensively studied by MRI since the early 1990s. 25, 26 Advances in neuroimaging now provide an unprecedented ability to investigate more complex dynamics (both hemorrhagic and non-hemorrhagic) of small vessel disease in vivo: new (or rediscovered) manifestations of small vessel disease visible on conventional structural MRI include cerebral microbleeds, 27 cortical superficial siderosis (cSS) and convexity subarachnoid hemorrhage, 7 cerebral microinfarcts at the large end of the size spectrum, 28 and MRI-visible enlarged perivascular spaces 29 (Figure 2 ). Accumulating evidence shows that there are also pathological changes associated with small vessel disease which are detectable by advanced (e.g. diffusion tensor imaging, magnetization transfer ratio, etc.) or high-field MRI. These include tissue changes in white matter areas appearing normal on postmortem MRI (including altered white matter integrity, altered myelination, disrupted axonal connections, increased brain water content), secondary focal thinning of the cortical gray matter 30 and cortical microinfarcts ( Figure 3 ). 31 Although ''invisible'' on conventional clinical MRI these small vessel diseaseassociated changes may contribute substantially to abnormalities of clinical function. 24 Exactly how intrinsic small vessel disease processes result in brain parenchymal injury (including the manifestations visible on MRI) and how small vessel disease lesions contribute to neurological or cognitive symptoms are largely unknown. A useful concept to bear in mind when approaching neuroimaging markers of small vessel disease (and hence markers of pathologic consequences on the brain parenchyma) is that their pathogenic mechanisms are probably not uniform, and any given marker may be found in different types of small vessel disease. 24 For example, in view of different topographical distribution of sporadic non-amyloid microangiopathy and CAA, it is hypothesized that cerebral microbleeds have a preferential location depending on the underlying small vessel pathology: sporadic non-amyloid microangiopathy is commonly associated with cerebral microbleeds in deep brain regions (e.g. basal ganglia, thalamus, and brainstem), whereas CAA is characterized by cerebral microbleeds in a lobar distribution (cortical-subcortical). 27 Hence, each marker or lesion on neuroimaging has to be interpreted in the context of other information, including the specific clinical scenario.
Neuroimaging standards for research into small vessel disease
Advances in neuroimaging were recently illustrated in an international working group position paper from the Centres of Excellence in Neurodegeneration under the acronym STandards for ReportIng Vascular changes on nEuroimaging (STRIVE v1). 10 This consensus paper presents a unified approach (including common language and minimum standards for imaging acquisition and analysis) to small vessel disease as a neuroimaging-defined concept, which is changing rapidly paralleling the continued advances in neuroimaging techniques. Table 1 provides an overview of the six small vessel disease lesions included in the STRIVE paper. 10 The inclusion of brain atrophy ''not related to a specific macroscopic focal injury such as trauma or infarction'' as another imaging manifestation of small vessel disease represents a significant change in thinking in the field and highlights the cross-talk between small vessel disease, neurodegeneration, and cognitive impairment. 32, 33 A second advance in the field is the expansion of the spectrum of neuroimaging manifestations to include enlarged perivascular spaces; although they have been known pathologically for many years, enlarged perivascular spaces visible on MRI have received little attention and indeed have been considered normal or unimportant. Only recently has evidence begun to emerge that enlarged perivascular spaces are a potential neuroimaging marker of small vessel disease. This is particularly interesting in view of the growing published work on perivascular fluid drainage impairment and the development of CAA.
Neuropathological aspects of the two main types of sporadic small vessel disease
Sporadic small vessel disease is typically-and somewhat arbitrary-categorized in two main forms. The first is sporadic CAA, a chronic degenerative disease characterized by progressive deposition of amyloid-(A) in the media and adventitia of small arteries, arterioles, and sometimes capillaries in the cerebral cortex; and small arteries, arterioles, and sometimes venules in the overlying leptomeninges (Figure 4) ; the cerebellum may also be involved, although usually to a much lesser extent. 7, [34] [35] [36] The vessels affected by A can show secondary vasculopathic changes, such as International Journal of Stroke, 11 (1) fibrinoid necrosis, loss of smooth muscle cells, wall thickening, microaneurysm formation, and perivascular blood breakdown products deposition. 37 CAArelated vasculopathy is thought to predispose to the vascular occlusion or rupture that cause ischemic or hemorrhagic parenchymal brain injury-for a comprehensive summary of the topic, see Reijmer et al. 8 However, some of the ischemic brain lesions caused by CAA are not currently visible on conventional MRI (e.g. microinfarcts or microstructural alterations) and hence their prevalence and significance in CAA have long being underestimated. 8 The extent of direct contribution of CAA to ischemic stroke syndromes is currently uncertain, but the presence of multiple lobar microbleeds (a marker of the disease) can affect treatment decisions in ischemic stroke, e.g. regarding antithrombotic drug use. 38, 39 Similar to the modern concept of cerebral small vessel disease, the term CAA now encompasses not only a specific cerebrovascular pathological trait and disorder, but also a clinical syndrome and brain parenchymal lesions seen on neuroimaging (including a set of diagnostic imaging criteria-the Boston criteria (Table 2) . 40, 41 In contrast to CAA which is specific and relatively easy to define, the more common form of sporadic small vessel disease is less specific and more difficult to define. The term ''hypertensive arteriopathy'' is widely used to describe non-amyloid, degenerative alterations in the vessel wall, often related to advanced age (but not clearly age driven), hypertension, diabetes mellitus, cigarette smoking, and other common vascular risk factors, and typically affecting the small perforating end arteries of the deep gray nuclei and deep white matter. 2 It is characterized pathologically by collagenous thickening of the vessel wall with narrowing of the lumen and progressive loss of smooth muscle, and sometimes by exudation of fibrin and other serum proteins or by scanty mural deposition of lipid (Figure Table 1 . Neuroimaging manifestations of small vessel disease included in STRIVE v1 and a consensus paper on cSS, 12 along with their proposed terms and definitions. 10 g Recent small subcortical infarct: Neuroimaging evidence of recent infarction in the territory of one perforating arteriole, with imaging features or clinical symptoms consistent with a lesion occurring in the previous few weeks. g Lacune of presumed vascular origin: A round or ovoid, subcortical, fluid-filled cavity (signal similar to CSF) of between 3 mm and about 15 mm in diameter, consistent with a previous acute small subcortical infarct or hemorrhage in the territory of one perforating arteriole. g White matter hyperintensity of presumed vascular origin: Signal abnormality of variable size in the white matter that shows the following characteristics: hyperintensity on T2-weighted images such as fluid-attenuated inversion recovery, without cavitation (signal different from CSF). Lesions in the subcortical gray matter or brainstem are not included in this category unless explicitly stated. If deep gray matter and brainstem hyperintensities are also included, the collective term should be subcortical hyperintensities. g Perivascular spaces: Fluid-filled spaces that follow the typical course of a vessel as it goes through gray or white matter. The spaces have signal intensity similar to CSF on all sequences. Because they follow the course of penetrating vessels, they appear linear when imaged parallel to the course of the vessel, and round or ovoid, with a diameter generally smaller than 3 mm, when imaged perpendicular to the course of the vessel. g Cerebral microbleed: Small (generally 2-5 mm in diameter, but sometimes up to 10 mm) areas of signal void with associated blooming seen on T2*-weighted MRI or other sequences that are sensitive to susceptibility effects. g Brain atrophy: Reduced brain volume that is not related to a specific macroscopic focal injury such as trauma or infarction.
Thus, infarction is not included in this measure unless explicitly stated. International Journal of Stroke, 11(1) 5); pathological descriptors/subtypes include arteriolosclerosis, fibrinoid necrosis, and lipohyalinosis. These alterations in the vessel wall are often associated with enlargement of the surrounding perivascular spaces ( Figure 5 (a) to (c)), and sometimes with microinfarction ( Figure 5(d) ), thrombosis ( Figure 6(a) ), or microhemorrhage ( Figure 6(b) ). This very common sporadic form of small vessel disease has been variously termed arteriolosclerosis, age-related or vascular risk-factorrelated small vessel disease, or degenerative microangiopathy in the literature. 2, 42, 43 The term ''hypertensive arteriopathy'' is misleading as it groups together a variety of sporadic small vessel disease pathologies not accounted by sporadic CAA but not necessarily (or even often) related specifically to hypertension, 44 although hypertension can influence their evolution. The focus on hypertension perhaps diverts attention from the study of other possible factors involved in the initiation and progression of sporadic non-amyloid small vessel disease. Furthermore, there is not a consensus on the microscopic characterization of small vessel changes of ''hypertensive arteriopathy,'' so that its severity is difficult to evaluate in any given case. From a histopathologic perspective, the cerebral microvascular changes associated with hypertension are largely identical to those of other sporadic non-amyloid, degenerative alterations in the vessel wall (i.e. fibrocollagenous thickening and hyalinization, narrowing of the lumen, and loss of smooth muscle cells from the tunica media). Other possible pathological features can include distal manifestations of atherosclerosis (microatheroma, see Figure 6 (c)) and ''microaneurysms'' (i.e. elongated and tortuous or dilated vessels). 2 Some researchers have subdivided ''hypertensive arteriopathy'' according to the most pronounced structural histopathological abnormalities, e.g. distal atherosclerosis, arteriolosclerosis, lipohyalinosis (''mural disease''), fibrinoid necrosis, microaneurysms. 2 These subtypes have a predilection for microvessels of slightly different size and distribution and can exist separately or in various combinations (Figure 7 ). Of these histopathological features, the one most specifically associated with hypertension is fibrinoid necrosis, which is more common in hypertensive patients' brains than in those without hypertension, [45] [46] [47] and is often found in arterioles adjacent to deep PBH. [46] [47] [48] [49] [50] It is worth noting that the more effective treatments for hypertension in recent years are likely to have modified the specific pathological 51 ) The schematic representation of a perforating arteriole on the top of the scale shows a typical branching pattern. 3, 16, 17 Note that 1 mm (dotted line in the scale bar) is also the limit of vessels visualization in conventional angiography. The range of vessels involved in sporadic cerebral amyloid angiopathy is indicated by the dark green bar, and the different types and vascular involvement in light yellow bars. The range of vessels and the main characteristics of the four predominant subtypes under the umbrella term sporadic non-amyloid microangiopathy (dark red bar) is shown in light red bars.
features, natural history, and disease spectrum of, socalled, hypertensive arteriopathy. 44 Despite the limitations in definitions and given the lack of an alternative widely accepted term, for simplicity and consistency, the term ''hypertensive arteriopathy'' is usually adopted in recent literature as one of convenience to avoid unnecessarily long and complex terms being repeated. We suggest the alternative umbrella term ''sporadic non-amyloid microangiopathy'' as being more accurate. Whatever term one prefers for this small vessel disease type, the pathological changes associated with sporadic non-amyloid microangiopathy presumably impair functional autoregulation (the adjustment of vascular caliber to match blood flow to local metabolic demand) and maximal perfusion; the drainage of interstitial fluid along the vessel wall and the transport of solutes across it; 53 and the compliance and tensile strength of the vessels. Not surprisingly, sporadic non-amyloid microangiopathy has historically been associated with leukoencephalopathy, 54 enlarged perivascular spaces, 55,56 lacunar infarcts, 57 and intracerebral hemorrhage. 58 Table 3 summarizes and compares the most salient pathological and neuroimaging characteristics of the two major sporadic small vessel disease processes, which might manifest separately or in various combinations.
Future perspectives
Although cerebral small vessel disease is emerging as a neuroimaging-defined concept, future studies should aim to provide stronger support and further insights on putative MRI biomarkers from histopathologicalimaging correlations. For example, from the perspective of a neuropathologist, evidence from autopsy studies to indicate that signal changes seen on imaging and defined as enlarged perivascular spaces actually represent pathological expansion of these spaces is still very limited. 59, 60 Also, the literature on histopathological-neuroimaging correlations of cerebral microbleeds is currently limited to fewer than 20 cases. 61 More direct correlation studies between neuroimaging manifestations of small vessel disease and underlying pathology-morphology are needed if these are to be assessed as reliable biomarkers.
A natural next step is to try to combine these different manifestations of small vessel disease on structural imaging, to gauge total brain small vessel disease severity. Recently, the approach of assessing total MRI small vessel disease burden into a score has been developed and validated in patients at high risk for ischemic small vessel damage, including lacunar or non-disabling cortical stroke. [62] [63] [64] This comprehensive framework should also be evaluated in other types of small vessel disease 62 and in different clinical cohorts, as it has potential advantages over individual markers. A total MRI small vessel disease score may better stratify the impact of microangiopathy-related damage on clinical outcomes (such as disability and cognition) and ultimately be used as a composite endpoint in clinical trials. 65 In parallel, studies have suggested neuropathologybased staging schemes to assess the spectrum of cerebral small vessel disease (including CAA) in aging brains, [66] [67] [68] and the use of adjunctive biochemical techniques that can be applied to postmortem brain tissue to quantify antemortem perfusion, microvessel density, blood-brain barrier function, and tissue damage. [69] [70] [71] [72] [73] Another key area of need is the identification of neuroimaging biomarker dynamic progression over time and determination as to whether this captures clinically relevant changes. Further progress in molecular imaging of small vessel disease may allow the direct quantification of the vessel pathology in vivo: the detection of vascular amyloid by PET scanning with the amyloid radioligand C11-labelled Pittsburgh Compound B (PiB-PET) has revolutionized the field, [74] [75] [76] but no similar methods have yet emerged to measure sporadic non-amyloid microangiopathy pathology. Finally, a combined neuroimaging, molecular imaging, and histopathological approach can provide insights into potential (endo-)phenotypes of small vessel disease, 77 with implications for treatment. Despite recent advances in sporadic cerebral small vessel disease processes, many pathophysiological and clinical aspects remain unknown, prevention and treatment is still mostly empirical 2 -and probably suboptimum or even dangerous 78 -while specific disease modification is not currently available.
